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a b s t r a c t

In this paper, the CLAM steel strengthened by micro-scale YeZreO was prepared by vacuum induction
melting followed by electroslag remelting (VIM-ESR). Yttrium (Y) and zirconium (Zr) were easy to ag-
gregates into massive yttrium-zirconium-rich inclusions in the steel melted by vacuum induction
melting (VIM), which would interrupt the continuity of the matrix and reduce the mechanical properties
of steel. Micron-sized YeZreO inclusions would be produced with the removal of original blocky YeZr-
rich inclusions and the submicron-sized inclusions smaller than 0.2 mm could be retained in the steel.
The small grain size and the better refinement and distribution uniformity of YeZreO inclusions after
remelting would be responsible for the better yield strength and toughness. For VIM-ESR alloy, the ul-
timate tensile strength is 749 MPa and the yield strength is 642 MPa at room temperature, meanwhile
they are 391 MPa and 367 MPa at 600 �C, respectively. Meanwhile, the ductile-brittle transition tem-
perature (DBTT) reduced from �43 �C (VIM) to-76 �C (VIM-ESR).
© 2019 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

One of the reduced activation ferritic/martensitic (RAFM) steels,
China Low Activation Martensitic (CLAM) steel (Fee9Cr-1.5W-
0.45Mn-0.2V-0.15Ta), has been presently recognized as the primary
candidate structural material for fusion blankets [1]. Nowadays,
preparing oxide dispersion-strengthened alloy (ODS) by adding
nano-sized oxide particles such as yttrium oxides to CLAM steel has
become an important way to improve the alloy’s high-temperature
creep resistance and radiation-induced swelling resistance [2,3]. In
such alloys, titanium (Ti) [4] and aluminum (Al) [5] are added to
form the nano-Y-Ti-O and YeAleO particles which is of great
benefit to the high-temperature properties of the alloys. Zirconium
(Zr) is frequently used to restrain the grain growth of the alloy [6].
Some researchers have reported that the oxide particles in the
RAFM steel containing Al could be refined by the addition of Zr
element [6,7]. Meanwhile, the first principle calculation results

have showed that the binding energy of YeZreO particles were
higher than that of YeTieO and YeAleO particles in Fe matrix,
which indicate the YeZreO phase was easier to form and more
stable with the higher nucleation rate leading to the fine size [8,9].

In general, the melting process is not a common method to
produce the oxide dispersion strengthened (ODS) alloys owing to
the agglomeration and coarsening of the oxide particles. Shi and
Han [10], Moghadasi. et al. [11] and Zhan. et al. [12] had melted the
ODS steel via vacuum induction melting, which provided another
feasible method for the preparation of ODS steel. However, some
inclusions lager than 10 mmwere observed in the melted ODS steel.
In this paper, the CLAM steel with Y and Zr was first melted via
vacuum induction melting and then remelted with electro-slag
remelting (ESR) under argon protection to reduce the large in-
clusions and improve the cleanliness of the steel.

2. Experimental procedure

Two CLAM steels with the same Y and Zr contents were first
melted in a vacuum induction furnace to form 30-kg ingots (VIM),
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and then one was forged into a 455 mm-electrode for ESR. The
electrode was remelted by Electroslag Remelting (ESR) at argon
atmosphere named VIM- ESR. 55 wt%CaF2-20 wt%CaO-20 wt%
Al2O3-3 wt.%MgO-2 wt.%Y2O3 refining slag system was used for
ESR. Table 1 shows the chemical compositions of the VIM and VIM-
ESR ingot. Both samples were firstly hot-forged to blank of
35 � 50 mm and then hot-rolled into 12 mm thick plates at a
starting temperature of 1150 �C and a final temperature of 1000 �C.
The plates were austenitizing at 1050 �C for 30 min and then
tempering at 750 �C for 90 min. All the plated were cooled by air.

A scanning electron microscopy (SEM, FEI-Quanta250FEG) with
an Energy Dispersive Spectrometer (EDS) was employed to observe
inclusions in the VIM and VIM-ESR ingots. AG-X250kN electronic
universal material testing machine was employed for tensile tests.
Cylindrical specimens (45.0 mm � 25 mm) and dog bone shaped
and subsized flat specimens (6.0 mm � 2.0 mm � 30 mm) were
used for tensile tests at room temperature and high temperature
(300, 500, 550, 600, 650 �C) in air at a strain rate of 2 mm/min.
Impact property of the alloys were tested at a range of
temperature �140 �C to 25 �C with full-size V-notched Charpy
specimens (10 mm � 10 mm � 55 mm) using an MTS-ZBC2452-B
pendulum impact tester. The hardness of the sample was
measured by a FV-800 hardness tester. The samples for optical
microscopy (OM) and electron probe micro analyzer (EPMA, JEOL
JXA-8530F) were etched using a 1% picral solution (5 ml HClþ1 g
picric acidþ100 ml ethyl alcohol). The sub-micron inclusions and
nano-scale carbides were observed via transmission electron mi-
croscopy (TEM, FEI-G20). TEM samples were prepared via me-
chanical polishing, followed by twin-jet-polishing with a solution
of 5 vol% perchloric acid in acetic acid.

3. Results and discussion

3.1. Inclusions in the ingots

The back scattered electron images of the inclusions in the in-
gots were shown in Fig. 1(a) and Fig. 1(c). Both the quantities and
dimensions of the inclusions in VIM-ESR alloy decreased. As the
reported results [13,14], some inclusions lager than 10 mm were
observed in the VIM alloy no evidence for the presence of in-
clusions lager than 10 mm in VIM-ESR. Meanwhile, the inclusions
distributions of VIM-ESR alloy have been more uniform compared
with VIM alloy. The EDS results of the typical inclusions in the alloys
are shown in Fig. 1(b) (VIM alloy) and Fig. 1(d) (VIM-ESR alloy). As
shown in Fig. 1(b), it is a blocky yttrium-zirconium-rich inclusions
with an irregular shape which is the same as the massive yttrium-
rich inclusions in the RAFM steel with yttrium [14,15]. These blocky
inclusions would interrupt the continuity of thematrix and become
micro-crack sources for fracture to reduce the mechanical proper-
ties of the steel [16]. The EDS result of inclusion in the VIM-ESR is
shown in Fig. 1(b). The component of the inclusion is YeZreO.
There is no blocky yttrium-zirconium-rich inclusions observed in
VIM-ERS. It indicates that new inclusions would be produced with
the removal of original inclusion when the molten steel drop
passed through the electroslag layer. The blocky yttrium-
zirconium-rich inclusions would be adsorbed by slag and react
with slag. Based on more than 10 SEM micrographs at

1000 � magnification, the density of inclusions was quantitatively
analyzed. More than 98% of inclusions in VIM-ESR ingot was less
than 2 mm. Almost all the inclusions larger than 10 mm have been
removed.

The TEM images of typical inclusions smaller than 0.5 mm in VIM
and VIM-ESR alloys are shown in Fig. 2. Some submicron-sized
inclusions smaller than 0.5 mm were observed in the alloys. They
were mainly relatively regular with spherical shape. The EDS re-
sults show that they are mainly YeZreO inclusions (Table 2).
Moreover, the submicron-sized inclusions in VIM-ESR alloy are
much smaller than that in the VIM alloy. The submicron-sized in-
clusions larger than 0.2 mm could hardly be observed in the VIM-
ESR alloy with TEM. However, the inclusions smaller than 0.2 mm
could be found in the two alloys. These fine inclusions are difficult
to remove in the melting process, and their metallurgical functions
are gradually attracting the attention of some researchers [17e19].
These fine oxides would play a good role in precipitation
strengthening and promote the precipitation of carbides [20]. The
inclusions in VIM-ESR alloy weremainly small oxide inclusions, the
density of inclusions decreased significantly, the distribution of
inclusions was diffuse and the VIM-ESR ingot quality was further
enhanced.

3.2. Microstructure

The OM micrographs are shown in Fig. 3. The typical tempered
martensite is formed in the two steels and the Vickers’s hardness of
the steels are 257 and 278 HV. On average, the prior austenite
grains measured by the linear intercept method in the VIM and
VIM-ESR alloys are 12.4 and 9.5 mm. However, another kind of
phase is observed in the VIM steel and this phase is indicated by the
white arrows in Fig. 3(a). Based on the results of section 3.1, these
phases would be blocky yttrium-zirconium-rich inclusions.

Fig. 4(a)-(f) show the distribution of yttrium (Y) and zirconium
(Zr) elements on the selected area in the tempered specimens. As
shows in Fig. 4(a)-(c), there are serious segregations of Y and Zr
elements in the VIM alloy. It indicates that the segregations of Yand
Zr could not be eliminated in forging and rolling processes.
Fig. 4(d)-(f) are the distribution of yttrium (Y) and zirconium (Zr)
elements on the selected area in VIM-ESR. The distributions of Y
and Zr elements are more uniform comparing with the VIM spec-
imen and no evidence for the segregations of other elements are
observed in the VIM-ERS. The VIM þ ESR smelting process could
better improve the ingot element segregation degree relative to the
VIM smelting process [21].

3.3. Tensile properties

The tensile properties of the steels tested from room tempera-
ture (RT) to 650 �C are shown in Fig. 5. It can be seen that the VIM-
ESR alloy exhibits good ultimate tensile strength (UTS), yield
strength (YS) and elongation at various test temperatures. For VIM-
ESR alloy, the UTS is 749 MPa and the YS is 642 MPa at RT, mean-
while they are 391 MPa and 367 MPa at 600 �C, respectively.
However, the UTS and YS of VIM alloy were both lower than the
HEAT 0603A [13] which was prepared by Liu. et al. with a vacuum
induction smelting furnace. The total elongation of VIM is higher

Table 1
Chemical compositions of VIM and VIM-ESR in wt. %.

Steel. C Si Mn Cr W V Ta S P N O Y Zr Fe

VIM 0.10 0.10 0.44 9.1 1.77 0.20 0.15 0.004 0.009 0.0022 0.0026 0.118 0.013 Bal.
VIM- ESR 0.09 0.10 0.44 8.9 1.76 0.19 0.14 0.002 0.008 0.0041 0.0088 0.025 0.009 Bal.
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than that of HEAT 0603A at RT; when the temperature raised up to
300 �C, the elongation shows no difference; and the elongation of
HEAT 0603A is higher than that of VIM at 500 �C. As shown in
Fig. 5(b), there are two inflection points (300 and 500 �C) for the
elongationwhen the temperature increased. They would be caused
by the healing of the delamination cracks, which was reported in

other RAFM steels [22].
Liu. et al. [13], Xia. et al. [21] and Sakasegawa. et al. [23] have also

prepared the RAFM steel with VIM and ESR. Table 3 shows the
tensile properties of the steels at RT. The performance of VIM-ESR is
the best, HEAT 0603B steel (0.155C-0.38Mn-9.09Cr-1.39W-0.185V-
0.046Ta) [13] is the second, F82H-BA07 (0.09C-0.16Si-0.45Mn-
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Fig. 1. Back scattered electron (BSE) and EDS of the inclusions in the alloys: (a, b) VIM and (c, d) VIM-ESR.
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Fig. 2. TEM images and compositions of inclusions with sizes less than 0.5 mm: (a) VIM, (b)VIM-ESR.

Table 2
EDS results of the inclusions in TEM images (wt. %).

No. O Cr Fe Y Zr No. O Cr Fe Y Zr

A1 1.29 6.92 38.20 34.87 18.72 B1 4.45 3.45 11.34 56.25 24.51
A2 7.12 4.13 13.52 53.10 22.13 B2 5.34 5.23 15.68 53.24 20.51
A3 8.44 4.25 14.34 55.20 17.77 B3 4.04 4.67 1.69 56.37 21.23
A4 5.03 4.12 14.35 56.21 20.29 B4 2.33 6.12 13.23 50.78 27.54
A5 7.25 5.23 11.23 55.45 20.84 B5 4.67 5.67 14.32 52.25 23.09
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8.0Cr-1.88W-0.19V-0.04Ta-0.002B) [23] is the third and CS350 steel
(0.11C-0.50Mn-8.5Cr-1.5W-0.25V-0.10Ta) [21] is the worst. The
differences in UTS and YS for CS350 and VIM-ESR are 99 MPa and
92 MPa at RT. Meanwhile, the differences in UTS and YS for HEAT
0603B and VIM-ESR are 29 MPa and 62 MPa at RT, and 41 MPa and
42 MPa at 600 �C, respectively.

The fracture morphology of VIM and VIM-ESR steel at room
temperature are shown in Fig. 6. They are significant ductile

dimpling fractures with many fine plastic deformed dimples and
tearing edges. Three areas were observed: the shear lip area (edge),
the radiation area (middle) and the fibre area (center). After elec-
troslag remelting, the proportion of radiation area on fracture
surface shows an increasing trend (65% / 85%), which indicate an
increase in the strength. Meanwhile, the UST of the steel increased
from 657 to 749 MPa, and YS rose from 514 to 642 MPa. For both
alloys, significant spiral bands could be observed in the dimple

(b)(a)

Fig. 3. Optical morphologies of the steels: (a)VIM and (b)VIM-ESR.
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Fig. 4. EPMA results of the steels: (a) VIM, (b) Y distribution in VIM, (c) Zr distribution in VIM, (d) VIM-ESR, (e) Y distribution in VIM-ESR and (f) Zr distribution in VIM-ESR.
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walls, generated by the shear stress between inclusions andmatrix.
The high elongation and toughness of VIM-ESR alloy were offered
when these dimples deepened and enlarged with tensile stress. In
comparison with the VIM alloy, the dimple on the VIM-ESR alloy
were much finer and deeper. That was why the steel had better
ductility. Some inclusions measuring 0.5e10 mm in diameter were
found in many dimple holes. More details of the inclusions in the
holes are shown at the upper right-hand side of Fig. 6(a) and (b).
The inclusion (Fig. 6(b)) in VIM-ESR is polyhedron with sizes of
approximately 1 mm and it is large inclusion (about 8 mm) with
irregular shape in VIM alloy. EDS analysis of the inclusions in the
alloys are shown in Fig. 6(c) and (d). The inclusion in the VIM alloy
contained elemental Fe, Cr, Y and Zr (FeeCreYeZr), while Fe, Cr, Y,
Zr, Ta and O (FeeCreYeZreTaeO) were included in the VIM-ESR

samples. The continuity of the matrix would be dissevered by the
larger blocky YeZr-rich inclusions which would become micro-
crack sources for fracture [16]. It is also reported in the works of
Liu. et al. [13] and Li. et al. [14]. These FeeCreYeZreTaeO in-
clusions in VIM-ESR could be beneficial for dispersion strength-
ening reported by Shi and Han [10].

3.4. Impact properties

The Charpy impact transition curves of the samples, fittedwith a
Boltzmann function [24], are shown in Fig. 7. The ductile-brittle
transition temperature (DBTT) of VIM-ESR is about �76 �C, which
is 9 �C lower than that of HEAT 0603B. The DBTT of VIM is
about �43 �C which is 33 �C higher than that of VIM-ESR. Although
the DBTT of VIM is high in Fig. 6, it is lower than that of F82H-BA07
[23] (�22 �C) which was melted by consumable electrode remelt-
ing. There are two distinct regimes in the Charpy impact transition
curves, the upper shelf regime (USE) and lower-shelf energy (LSE).
Both the USE and LSE of VIM-ESR alloy are higher than that of VIM
alloy. The USE of the VIM-ESR alloy (295 J) is higher than those for
CLAM (275.1 J) [25], EURFER97 (225 J) [26] and F82H (250 J) [27]
steels and the DBTT (�76 �C) are lower than those for CLAM
(�60 �C) [25], EURFER97 (�43 �C) [26] and F82H (�60 �C) [27]
steels. The Charpy toughness of the alloys could be affected by

Table 3
Tensile properties of the steels fabricated via VIM-ESR.

Steel UTS/MPa YS/MPa Elongation/%

RT 600 �C RT 600 �C RT 600 �C

VIM-ESR 749 391 642 367 24.3 23.7
HEAT 0603B [13] 720 350 580 325 19.5 23.5
CS350 [21] 650 e 550 e e e

F82H-BA07 [23] 675 e 560 e e e
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several factors such as: grain size and inclusions. Based on
HallePetch strengthening [13], a better yield strength and tough-
ness could be obtained with a finer grain size. The toughness of the
alloys could also be improved by reducing the density and size of
inclusions [28]. Ta element has also been reported to have benefi-
cial effects on DBTT and strength [29]. The sufficient Ta available in
solid solution could increase the cleavage stress or affects the
temperature relationship of the flow stress advantageously [30].
More Ta element were remained in VIM-ESR alloy (0.15%/0.14%)
than HEAT 0603B (0.15%/0.046%) after electro-slag remelting due
to the additions of Y and Zr elements. This result is also reported in
the work of Li. et al. [31].

4. Conclusions

A CLAM steel strengthened by micro-scale YeZreO was pro-
duced via vacuum casting and electroslag remelting and the me-
chanical properties of the steels were studied. The following
conclusions were obtained:

(1) Some blocky YeZr-rich inclusions lager than 10 mm were
observed in the VIM alloy and no evidence for the presence
of inclusions lager than 10 mm in VIM-ESR. TEM results show
that the submicron-sized inclusions smaller than 0.2 mm
generated in the vacuum casting would be remained after
refining.

(2) There are serious segregations of Y and Zr elements in the
VIM alloy and the distributions of Yand Zr elements aremore
uniform comparing with the VIM specimen and no evidence
for the segregations of other elements are observed in the
VIM-ERS.

(3) The high yield strength and toughness would be obtained
with a finer grain size, the suitable size distribution and
volume fraction of inclusions and high Ta content by refining
with electroslag.

(4) The research confirmed that the process of vacuum induction
melting followed by electro-slag remelting (VIM þ ESR)
would be employed as a promising method to produce
micro-scale oxide dispersed alloys.
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